Background: Alcohol use disorder (AUD) is prevalent among individuals diagnosed with human immunodeficiency virus (HIV), and both HIV and alcohol use have been shown to negatively affect the integrity of white matter pathways in the brain. Behavioral, functional, and anatomical impairments have been linked independently to HIV and alcohol use, and these impairments have bases in specific frontally mediated pathways within the brain.
T HE INCREASED PREVALENCE of alcohol and substance use disorders among individuals diagnosed with HIV is a well-documented phenomenon (Galvan et al., 2002) , with a relatively high number of individuals meeting criteria for alcoholism in comparison with the general population (Lefevre et al., 1995) . Between one-third and twothirds of individuals infected with HIV are diagnosed with an AUD at some point in their lifetime, a rate which is 3 times higher than that of the general population (Petry, 1999) . One proposed mechanism for this association is that reduced treatment adherence associated with alcohol use is likely a strong factor that may contribute to the negative biological disease sequelae in HIV. This includes a number of negative behavioral consequences associated with alcohol abuses, such as reduced self-care and poor medication management (Meyerhoff, 2001) , which are likely to interact with HIV-related impacts on the brain.
Alcohol Effects on the Brain
Alcohol use and HIV both have negative effects on brain volumes and characteristics, with many findings shared by the 2 disorders as well as independent phenomena associated with each (Rosenbloom et al., 2010) . Alcohol use in general has been shown in structural magnetic resonance (MR) studies to exhibit deleterious effects on numerous brain regions, including the frontal lobes (Fein et al., 2002; Jernigan et al., 1991; Kubota et al., 2001; Moselhy et al., 2001) , as well as the thalamus (Harding et al., 2000; Mechtcheriakov et al., 2007) . Increased functional MR responses in prefrontal and anterior thalamic regions have been demonstrated in those with alcohol use disorders (AUD) compared with those without AUD, suggesting involvement of these specific pathways involved in the regulation of emotion, attention, and satiety (George et al., 2001 ). Alcohol use has been shown in neuropathological studies to negatively affect the structural integrity of the largest white matter pathways of the brain in the general population (Wiggins et al., 1988) , and there is also evidence of a specific interaction with advancing age (Sorg et al., 2015) . Of particular interest, a diffusion MR study of middle-aged men found a number of frontally projecting white matter regions to exhibit microstructural compromise in heavy drinkers compared with low or moderate drinkers (McEvoy et al., 2018) .
HIV Effects on the Brain
HIV infection alone has also been linked to decreased neuronal integrity in the frontal cortex on neuropathological examination (Everall et al., 1991) , including after progression to more severe infection (Ketzler et al., 1990) . The association between the duration of HIV infection and neurodegeneration has been inconsistent, although there is increasing evidence that the expression and progression of neurodegenerative diseases may be facilitated by HIV (Brew et al., 2009 ). Duration of HIV infection has been shown to affect a number of white matter pathways, including the frontal projections (forceps minor) of the corpus callosum and the anterior thalamic radiation (ATR) (Zhu et al., 2013) . The ATR is a white matter pathway which connects the mediodorsal thalamic nuclei to the frontal cortex (Kahle et al., 2003) . It is part of a collection of frontalsubcortical circuits which are functionally involved in the inhibition and regulation of appetitive, attention, impulsive, and emotional responses and behaviors (Cummings, 1995) . Due to its extensive interconnectivity with amygdalar, orbitofrontal, and dorsolateral prefrontal regions, it is behaviorally an important pathway for examination in a clinical population which struggles with addictive behaviors.
Combined Effects of HIV and Alcohol on the Brain
In addition to independent effects, there is evidence to suggest that comorbid HIV and AUD have deleterious effects on the large white matter pathways of the brain (Pfefferbaum et al., 2007) . Given that the specific neuropsychological impairments exhibited by individuals with both alcoholism (Chen et al., 2007; Lennane, 1988; Moselhy et al., 2001; Sullivan et al., 2003) and HIV (Sullivan, 2009) are often frontal executive in nature, the white matter effects of comorbid disease have been hypothesized to extend into frontal white matter pathways of the brain (Rosenbloom et al., 2010) . While the effects of disease duration on gray matter brain volumes (Cohen et al., 2010) and frontal white matter (Zhu et al., 2013) have been documented in MR studies, little attention has been given to the combinatory effect of alcohol use and HIV on microstructural changes to specific frontal white matter pathways. Additionally, our group has previously shown that frontal white matter integrity is reduced in hepatitis C coinfection (Gongvatana et al., 2011) , and exclusion of this population will be important for isolating specific HIV-and alcohol-related effects.
The ability to examine characteristics of white matter with MR diffusion tensor imaging (DTI) in vivo is well established (Basser and Pierpaoli, 1996; Le Bihan, 2006; Pierpaoli et al., 2001) . The DTI metric mean diffusivity (MD) is a nonspecific representation of tissue integrity as a magnitude of overall diffusion at a voxel, and fractional anisotropy (FA) reflects axonal coherence as measured by directionally restricted water diffusion (Le Bihan et al., 2001; Sundgren et al., 2004) . Axial diffusivity (AD) is a DTI metric which represents diffusion of water parallel to a white matter tract within a voxel and is sensitive to axonal degeneration, while radial diffusivity (RD) represents the diffusion of water perpendicular to a white matter pathway and is sensitive to demyelination (Beaulieu, 2002; Song et al., 2003) . The specific validity of diffusion measures such as AD and RD as indicators of experimentally produced damage and demyelination has also been established in recent years (Mac Donald et al., 2007; Song et al., 2005; Sun et al., 2006) . These studies show that experimentally induced damage results in decreased AD values in the acute phase, whereas studies of chronic and neurodegenerative diseases show an increase in AD associated with disease factors. For example, initial decreases in AD are seen in the acute phase of neuronal injury (Mac Donald et al., 2007; Sun et al., 2006) , while increased AD is observed in chronic diseases including HIV (Chen et al., 2009; Pfefferbaum et al., 2009; Zhu et al., 2013) as well as other neurodegenerative disorders such as Alzheimer's and Huntington's disease (Agosta et al., 2011; Della Nave et al., 2011; Metwalli et al., 2010; Rosas et al., 2010) .
The current investigation was implemented to examine the contribution of comorbid disease to the microstructural integrity of frontal white matter pathways in a sample of HIV+ individuals without dementia or hepatitis C coinfection. We hypothesize that one or more frontal white matter pathways are negatively affected by the effects of alcohol use and HIV disease length when examining common diffusion metrics.
MATERIALS AND METHODS

Study Design
Twenty-eight men and 9 women (N = 37) were recruited from the Brown University Center for Aids Research as part of a National Institute on Alcohol Abuse and Alcoholism (NIAAA) sponsored study of the effects of alcohol use in HIV (P01AA019072). The study was approved by the Institutional Review Boards for The Miriam Hospital and Brown University, and informed consent was obtained from each participant before enrollment. Participants were recruited with the overarching goal of obtaining comparatively equal samples of nondrinkers, moderate drinkers, and heavy drinkers as determined by current use. For more details regarding participant recruitment and materials, please see our previously published work .
Study Cohort
Participants were excluded for a history of neurological or psychiatric illness that would impact cognitive functioning as well as a history of traumatic brain injury with loss of consciousness >10 minutes. Those participants meeting inclusion criteria were assessed with MR imaging (MRI), a battery of neuropsychological tests, a number of self-report measures, a clinical interview, as well as blood and urine collection. Of the total 91 HIV+ participants meeting inclusion criteria as part of the larger R01 study, 31 participants did not receive a diffusion MRI scan due to time constraints leaving a total of 60 participants for analysis. Of these 60 participants, 20 participants were excluded based on a history of hepatitis C coinfection, as this has been shown to have confounding effects on the interpretation of HIV-related findings (Gongvatana et al., 2011; Hinkin et al., 2008; Operskalski and Kovacs, 2011) . Three additional participants were excluded from the remaining 40 participants using an in-house visual rating scale for the presence and frequency of hyperintense "noise" within the postprocessed diffusion weighted imaging (DWI) data. This yielded a final sample of 37 viable participants who were receiving a steady course of antiretroviral treatment at the time of the study, with a current CD4 count above the 200 cell count threshold typically used to identify individuals with AIDS. The infection length variable utilized in this study is defined as the number of years elapsed since HIV diagnosis. All participants had Mini-Mental Status Examination scores of 25 or higher (Folstein et al., 1975) .
Self-Report Measures
For the purposes of this study, participants were noted as having a diagnosable AUD if (i) the Structured Clinical Interview (SCID-I for DSM-IV-TR; First et al., 2007) indicated that they met the criteria for a lifetime AUD, and (ii) they met the NIAAA criteria for heavy drinking based on the 90-day timeline follow-back (TLFB; Fals-Stewart et al., 2000) . Participants with active substance dependence for opiates or cocaine based on this structured interview were excluded from participation. Participants were noted as having no AUD if they (i) did not meet criteria for a lifetime AUD on the SCID-I, and (ii) they did not meet the NIAAA criteria for heavy drinking on the 90-day TLFB. Additional measures of self-report for this study included the Kreek-McHugh-Schluger-Kellogg (KMSK) scale, which provides information regarding the duration, frequency, and quantity of use for common substances of abuse at the period of heaviest lifetime use (Kellogg et al., 2003) .
Neuroimaging Data Acquisition and Preprocessing
All neuroimaging data were collected on a Siemens Trio 3T MRI at Brown University (Siemens Corporation, Erlangen, Germany). Whole-brain T1 images were acquired in 255 interleaved axial 1-mm slices (TR = 1.90 seconds, TE = 2.98 seconds, field of view [FOV] = 256 mm 2 ), and whole-brain DTIs were acquired in 69 interleaved axial 2-mm slices (TR = 1.10 seconds, TE = 103 ms, FOV = 128 mm 2 ). Structural T1 data were examined for imaging artifacts and subsequently processed through the FreeSurfer automated pipeline (Fischl et al., 2002) . Diffusion data were combined into a data set containing 64 DWI (b = 1,000 mm/s 2 ), 1 b 0, and 10 b = 5 mm/s 2 volumes for a total of 75 volumes per scan. Raw data were denoised using the local principal component analysis filter (Manj on et al., 2013) and preprocessed as in prior work by Nir and colleagues (2017) . DTI measures have been shown to be sensitive to the effects of head motion (Jones and Cercignani, 2010; Jones et al., 2013; Yendiki et al., 2014) ; however, all data met or exceeded the minimum criteria set forth in clinical studies of head motion (Knaus et al., 2010; Shukla et al., 2011) .
Diffusion Imaging Data Processing
Partially preprocessed diffusion data were then processed through the remaining TraCULA processing pipeline steps (Yendiki, 2011) . The 8 bilateral pathways projecting to the frontal regions of the brain were retained for analyses, which include the ATR, forceps minor of the corpus callosum, cingulate gyrus bundle of the cingulum, and the uncinate fasciculus. The resulting pathways were visually inspected for abnormalities, and exclusion of frontal pathways due to aberrant anatomical characteristics was not necessitated in this sample. Given that there are no biological or pathological mechanisms inherent to HIV that would induce unilateral damage to frontal white matter pathways and to restrict the possibility of type II error, each of the frontal tracts provided by Tra-CULA was summed with their opposing hemisphere counterpart and averaged to obtain 4 bilateral pathways. These white matter pathways were reconstructed using the probability distributions of voxel-based fiber orientations along each tract, producing AD, RD, FA, and MD values for each pathway. To further restrict the possibility of type II error and increase the strength of the findings, only the following TraCULA output variables were examined along the 4 pathways for the highest probability pathway only (99% probability of connection; average center): AD, RD, MD, and FA. This process serves to increase confidence that the pathways examined are indeed representative of true neuroanatomy and do not include potentially aberrant or inaccurate pathways produced by the probabilistic model.
Statistical Analyses
Diffusion metric values extracted from the tractography data were normalized with winsorization and Blom transformation (Blom, 1958; Jones et al., 2017; Templeton, 2011) , as described in previous research in this area (Jones et al., 2017) . All other variables of interest met the requirements of normality specified by the general linear model and thus did not require statistical normalization. Statistical analyses were performed with SPSS Statistics v24.0 (IBM Corp., Armonk, NY) in the form of independent samples t-tests, chi-square tests, linear regression, and analysis of variance. Tables and statistical figures were created using R 3.3.3 statistics package and ggplot 2.2.1 (R Development Core Team, 2016). The AD, RD, MD, and FA diffusion metrics along the 99% probability path (average center) for each bilateral tract were examined in relationship to the clinical and demographic variables of interest in a multivariate analysis of variance (MANOVA) with Bonferroni adjustment for multiple comparisons applied where appropriate.
RESULTS
Sample Characteristics
Chi-square analyses and independent samples t-tests of demographic variables across the sample of 37 individuals yielded no significant differences between AUD+ and AUDÀ participants when comparing by age, gender, education, and race. It is noted that although no participants had a current CD4 cell count below the threshold of 200 used to identify AIDS, 27% of participants had nadir CD4 values below this cutoff at 1 point in their disease. Descriptive data for demographic variables are shown below (Table 1) .
Within-Groups Substance Use Relationships
When comparing all HIV+ participants by history of AUD with independent samples t-test, those with a history of AUD reported significantly higher total frequency, use, Bivariate correlations between demographic, clinical, and diffusion-related metrics are presented below (Fig. 1) . Given the significant positive association between age and infection length (r 2 = 0.51, p = 0.002), the unstandardized residual representing the unique effect of infection length was extracted from a linear regression for use in MANOVAs. This new variable, henceforth referred to as the "ageadjusted infection length," has a zero correlation with age (r 2 = 0.00, p = 1.00) and a strong relationship with infection length (r 2 = 0.86, p < 0.001), indicating that it did indeed represent the unique effect of infection length alone. When examining the entire group of HIV+ participants, there was no association between age, age-adjusted infection length, or nadir CD4 with any of the examined diffusion metrics. There was a positive association of infection length with RD along the ATR in the full cohort, as well as a stronger positive association of these variables in the AUD+ group specifically. However, this effect appears to be strongly driven by age, as there is no association of ATR diffusivity with the ageadjusted infection length variable in the cohort or its subgroups. In general, it is noted that many diffusion metrics for the pathways examined were highly intercorrelated with one another (Fig. 1) . The demographic and clinical factors examined in this study did not have a significant relationship with diffusion metrics when using a threshold of p < 0.01 comparing AUD+ to AUDÀ participants. There was, however, a significant negative bivariate association between age and FA within the ATR for the AUDÀ group alone (Fig. 1C) .
AUD Group Comparisons of Diffusion Metrics
Group comparisons revealed that participants in the AUD+ group had significantly higher AD along the ATR pathway (M = 1.03eÀ3, SD = 5.5eÀ5) than the AUDÀ participants (M = 9.82eÀ4, SD = 5.3eÀ5; Fig. 2) . A diagnosis of AUD explained 24.5% of the variance in ATR AD and 15.0% of the variance in ATR MD when accounting for differences in age, age-adjusted infection length, and nadir CD4 (Table 2 ). In fact, a diagnosis of AUD explained 36.3% of the variance in all ATR diffusivity metrics. No effect of AUD was found for the remaining frontal white matter pathways and their respective diffusion metrics. Diffusion characteristics for each pathway comparing AUD+ and AUDÀ groups are displayed in Fig. 2 below.
Multivariate Relationship Between HIV and Demographic Variables, Alcohol Use, and Diffusion Metrics
Bonferroni-corrected pairwise comparisons revealed significantly increased AD was prevalent along the ATR pathway in those HIV+ participants with a history of AUD compared with those without an AUD diagnosis (t[36] = 5.81, p < 0.01; Table 2 ). A MANOVA was conducted at a threshold of p < 0.01 with AUD diagnosis as a fixed factor, diffusion metrics of the frontal pathways as dependent variables, and age, age-adjusted infection length, and nadir CD4 as covariates. The MANOVA was overall significant (F[4, 27] = 3.42, p = 0.024; Wilk's Λ = 0.637, partial g 2 = 0.363) and showed a univariate effect of AUD diagnosis on AD of the ATR pathway (F = 8.72, p = 0.006; partial g 2 = 0.245). A trending univariate effect of AUD diagnosis on MD of the ATR pathway was also present (F = 4.78, p = 0.038; partial g 2 = 0.150). Follow-up voxelwise MANOVA of between-group AD values along the ATR revealed that 32% of voxels (16/50) in the bilateral pathway were significantly higher in the AUD+ group after controlling for infection length and nadir CD4 with Bonferroni correction at a significance threshold of p < 0.01 to account for multiple comparisons (Fig. 3) .
DISCUSSION
The present study demonstrates alcohol-related microstructural compromise to frontal white matter in a nondemented HIV+ population without a history of hepatitis C who are currently receiving steady antiretroviral therapy. These results extend the past findings in this area and provide specific anatomical support to suggest that frontal white matter can be negatively affected in the least compromised HIV+ patients with alcohol use histories. Findings in the current study are provided in the context of a stringent neuroimaging and statistical approach in which only the statistically normalized data extracted from the pathways of 99% probabilistic certainty were examined at a significance threshold of p < 0.01. We believe this approach increases confidence in the observed relationships linking alcohol use in the context of HIV disease with axonal integrity compromise along a pathway functionally implicated in the suppression of risky decision-making behaviors.
The greatest degree of reduced axonal integrity as measured by AD along the ATR was seen in those with a history of AUD. This significant positive relationship was observed mainly along the frontal portion rather than the thalamic portion of the pathway in a voxelwise analysis (Fig. 3) and has a number of potential implications. First, AD has been shown to reflect white matter axon integrity and increases in this metric suggest damage associated with chronic disease state mechanisms. Second, the fact that the greatest association between white matter integrity and AUD was seen at the more anterior (frontal) portions of the ATR pathway suggests Wallerian degeneration of the pathways emanating from the thalamus, especially given that disruptions in AD are thought to reflect loss of axonal integrity. Last, the alcohol use literature to date suggests that frontal and thalamic white matter is particularly susceptible to damage with increasing heavy drinking, although this is the first study to demonstrate specific and selective damage to a functionally important pathway implicated in the maintenance of addictive and appetitive behaviors (Cummings, 1995) .
As seen in Fig. 2 , MD was elevated for the AUD+ group, a difference which was not statistically significant likely due to the high variability within the AUDÀ group. There were trending associations for additional diffusion metrics including MD and FA within the ATR when comparing AUD+ to AUDÀ. Although the difference is less distinct and nonsignificant, there was generally higher FA observed in the AUD+ group in comparison with the AUDÀ group. The directionality of this finding is the opposite of that which one might expect, as the more diseased population typically has lower FA values in the region of interest. However, it is possible that heavy and/or chronic alcohol use results in disruption of crossing fibers within this region resulting in an overinflation of mean FA. This phenomenon has been observed in neurodegenerative disease populations, such as Huntington's and Alzheimer's disease (Douaud et al., 2009 (Douaud et al., , 2011 . Future studies may reduce the occurrence of this finding by utilizing additional diffusion metrics which are more sensitive to multiple fiber orientations, such as generalized anisotropy (Cohen-Adad et al., 2008; € Ozarslan et al., 2005) . . Box-notch plots displaying diffusion metrics for each frontal pathway by AUD group. AUD, alcohol use disorder; ATR, anterior thalamic radiation; CCG, cingulum (cingulate gyrus); fminor: forceps minor (corpus callosum) UNC, uncinate fasciculus; MD, mean diffusivity; FA, fractional anisotropy; RD, radial diffusivity; AD, axial diffusivity.
The strong association of age and increasing infection length was at least partially mitigated in the present study by removing the effect of age from infection length for further comparisons to diffusion characteristics. In our prior work, we found age-related reductions in white matter integrity Zhu et al., 2013) , while this association was not present in the current study. This difference is likely a result of cohort effects, given that our prior work recruited participants for their advanced age in the context of HIV while the present study recruited participants for their alcohol use histories. However, when taking the current findings into consideration within the context of aging, future investigations may warrant the analysis of an age and alcohol interaction effect on the integrity of the frontal white matter pathways implicated here.
Studies have shown that initial decreases in AD and RD are seen in the acute phase of neuronal injury (Mac Donald et al., 2007; Sun et al., 2006) , but increases in these metrics are seen in chronic disease states including HIV (Chen et al., 2009; Pfefferbaum et al., 2009; Zhu et al., 2013) as well as other neurodegenerative disorders (Agosta et al., 2011; Della Nave et al., 2011; Metwalli et al., 2010; Rosas et al., 2010) . The present findings suggest that alcohol use to the degree sufficient for a diagnosable AUD results in damage to at least 1 major frontal pathway (ATR) and trends for reduced integrity across the remaining frontal lobe pathways as a function of alcohol use. This introduces a potential circularity problem in that damage may result in difficulty inhibiting recurrent problematic drinking given that studies show the function of ATR to be primarily one of inhibition of problematic social behaviors. It is also possible that white matter compromise along the ATR is a result of HIV-specific neurochemical processes or an inherent predisposition to deterioration only apparent in those individuals who reported using the highest amounts of alcohol. The potential link between white matter integrity of the ATR and comorbid HIV and AUD which may result in behavioral inhibition difficulties should be investigated in future studies in terms of neuropsychological, behavioral, and biological associations. Specifically, neuropsychological studies may focus on the association between reduced integrity of the ATR and executive functioning deficits as a behavioral manifestation of inhibitory control difficulties.
A number of white matter pathways have been associated with HIV disease and alcohol use in past studies (McEvoy et al., 2018; Pfefferbaum et al., 2007 Pfefferbaum et al., , 2009 Sorg et al., 2015; Zhu et al., 2013 ) that were investigated yet not significant in the present study, such as the corpus callosum. We believe this difference lies in the high degree of specificity utilized in the neuroimaging data analysis for the present study. This includes a restriction of participants to those without cognitive impairment or hepatitis C virus coinfection and a restriction of data analysis to the statistically normalized, Bonferroni-corrected data extracted from the 99% probability pathway thresholded to a significance level of p < 0.01.
With regard to HIV-related clinical factors, it is possible that negative behaviors associated with heavy alcohol use interferes with adherence to antiretroviral treatment, which in turn worsens the effects of HIV on the central nervous system by producing more frequent and severe periods of infection and CD4 level fluctuations. While the present study is limited in sample size and thus restricted in its ability to Main effects of AUD group on diffusion metrics along the 4 frontal lobe pathways controlling for age, age-adjusted infection length, and nadir CD4. MD, mean diffusivity; FA, fractional anisotropy; RD, radial diffusivity; AD, axial diffusivity. **Indicates Bonferroni-adjusted significance level of p < 0.01 comparing AUD+ to AUDÀ; *indicates Bonferroni-adjusted significance level of p < 0.05 comparing AUD+ to AUDÀ. comment on a potential interaction, there is likely a strong interplay of alcohol use history, clinical HIV factors, and length of infection as it relates to frontal white matter integrity that should be investigated in larger samples.
Limitations
The cross-sectional design of this study limits the ability to interpret the causal relationship of many of the findings in regard to degradation of white matter tracts as a function of disease. As such, it is not possible to determine whether the disease itself resulted in deterioration of the pathways leading to more problematic drinking, or whether problematic drinking which may predate the onset of the illness results in reduced integrity of these pathways further exacerbated by the illness. As discussed above, HIV+ individuals may be predisposed to develop both white matter deterioration and AUD. To overcome this limitation, future studies should evaluate longitudinal changes in the white matter pathways as a function of drinking behaviors to determine potential causation in this regard. Limitations in regard to the neuroimaging method include the use of averaged diffusion characteristics over an entire pathway for initial investigation of associations with disease characteristics, although follow-up analyses were voxelwise in nature and provided an increased degree of regional specificity. Last, due to a limited number of females in the AUDÀ cell (only 2 females), the present study is statistically limited in its ability to interpret meaningful differences as they relate to gender differences.
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